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 Abstract
Wastewater reuse is becoming increasingly important for supplementing drinking water supply needs and/or to reduce costs 
in many communities around the world. However, wastewater reuse can result in a potential transmission route for infectious 
agents. Therefore, the occurrence of Cryptosporidium was assessed in a treatment plant geared for the production of drinking 
water from wastewater effluent and the results were compared to those on an existing typical drinking water treatment plant 
operated by Waternet, the water cycle company of Amsterdam, The Netherlands, and its surrounding areas. The assessment 
was done using Monte-Carlo simulation and probability density functions to determine the occurrence of Cryptosporidium 
in raw surface water and wastewater effluent and the removal in different treatment steps. From the research conducted, it 
was concluded that under normal conditions, drinking water that meets Dutch drinking water quality standards could also be 
produced from treated wastewater effluent. However, additional redundancy should be built in to meet the standards under 
extreme operating conditions.
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Introduction
Wastewater reuse is increasingly becoming important for sup-
plementing drinking water supply needs and/or to reduce costs 
in many communities around the world such as Windhoek-
Namibia (Van der Merwe, 2006), Emahlaleni-South Africa 
(Gunther, 2006) and Wulpen-Belgium (Van Houtte and Verbau-
whede, 2008). Wastewater reuse as an option becomes necessary 
and possible because of the increased environmental constraints, 
such as droughts and water scarcity, and the fact that wastewa-
ter discharge quality regulations have become stricter leading 
to a better water quality. Wastewater reuse practices have also 
become technically more feasible (Casani et al., 2005). However, 
wastewater reuse can result in a potential transmission route for 
infectious agents that are associated with human wastes and/or 
the presence of priority pollutants, endocrine disrupting com-
pounds, pharmaceutically active compounds, or other unregu-
lated trace compounds (Drewes et al., 2003). Reclamation plants 
must therefore be designed such that the desired effluent quality 
is consistently achieved. This should include built-in redundancy 
as a back-up when there is a problem (Cooper, 1991). 
 Drinking water should be free from substances with adverse 
health effects (e.g. organic micro-pollutants, pathogenic micro-
organisms, disinfection by-products, salts, heavy metals and 
biofilm forming substances) and undesired substances (e.g. sus-
pended particles). Therefore, drinking water treatment plants 
typically comprise several treatment steps - in a multi-barrier 
approach - to remove contaminants. In The Netherlands, artifi-
cial aquifer recharge is recognised as the most important barrier 
against pathogenic micro-organisms when producing drink-
ing water from a surface water source. The infiltration areas 
for recharge are normally situated in coastal dune areas, which 
are relatively long transport distances away from the raw water 
source and the city, being a costly practice. Wastewater treat-
ment plants are normally situated close to the city and could 
therefore provide an alternative raw water source for drinking 
water, thus avoiding the long transport distances between the 
dunes, raw water and the city. Treatment of wastewater in The 
Netherlands is continually improving, resulting in better treated 
effluent water quality similar to that of raw surface water. There-
fore, combining wastewater and drinking water treatments 
could provide synergistic advantages. The question, however, is 
whether this alternative for drinking water production is a sus-
tainable solution.
 From recent studies it was concluded that current drinking 
water treatment practices in The Netherlands have a low envi-
ronmental impact (Barrios et al., 2008; Tapia et al., 2008). Also, 
the costs of tap water are acceptable for the consumers. The 
most significant challenge for water utilities is to prevent con-
sumers switching to bottled water. Bottled water is about 150 
times more expensive than tap water and 30 times less environ-
mentally friendly. In addition, wide variations in taste between 
tap water and bottled water are not detected by Dutch consum-
ers (Consumentenbond, 2005), which means that the safety of 
drinking water consumption would prevail over cost reduction 
and environmental protection. It is therefore important to assess 
the health risk of different alternatives before deciding whether 
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to switch to treated wastewater effluent as a source for drinking 
water production. 
 One of the emerging contaminants is Cryptosporidium. 
Cryptosporidium is a protozoan parasite that has been respon-
sible for a number of negative public health outbreaks of diar-
rhoea in humans that have occurred through public water supply 
systems (Craun et al., 1998; Hrudey and Hrudey, 2004). This 
was due in part to the high infectivity of Cryptosporidium as 
well as to the resistance of the protozoan parasite to chemical 
disinfection. Subsequent to these outbreaks many drinking 
water companies have begun to measure the concentration of 
Cryptosporidium in their sources. The Dutch drinking water 
legislation (Dutch Government, 2001) requires compliance with 
a health target of 1 infection per 10 000 persons per year. The 
average direct consumption of unheated drinking water in The 
Netherlands has been recorded to be 0.22 ℓ/person∙d (Roda Hus-
man and Medema, 2004). Hence, only one infectious pathogen, 
i.e. Cryptosporidium, is allowed in the distribution of 812 m3 of 
drinking water. Teunis et al. (1996) determined the relationship 
between the consumed dose of Cryptosporidium and the number 
of infections to be 0.004. To comply with the Dutch legislation, 
the yearly average Cryptosporidium concentration needs to be 
less than 3.08 x 10-4 oocysts/ℓ.
 This research project assessed the removal of Cryptosporid­
ium when producing potable water from wastewater effluent in 
a treatment plant. The results were compared to the perform-
ance of a typical drinking water treatment plant, i.e Leiduin of 
Waternet, the water cycle company responsible for potable water 
provision to Amsterdam and its surrounding areas. The assess-
ment was done using the Monte-Carlo simulation technique and 
probability density functions (PDF) to determine the occurrence 
of Cryptosporidium in raw water and the removal efficiencies of 
different treatment steps. 
Methodology
Monte-Carlo simulation and probability density 
functions 
The Monte Carlo method is just one of many methods for ana-
lyzing uncertainty propagation, where the goal is to determine 
how random variation affects the reliability of the system that is 
being modelled. Monte Carlo simulation is categorised as a sam-
pling method because the inputs are randomly generated from 
probability distributions to simulate the process of sampling 
from an actual population.
 The variation in the product water quality, i.e. concentra-
tion of Cryptosporidium, can be estimated when the stochastic 
distributions of the occurrence in the source and of the removal 
efficiency in treatment steps are known. The occurrence of the 
compounds in the product water was estimated stochastically 
using Monte-Carlo simulation. The Monte-Carlo simulation was 
programmed within the Statistics toolbox of Matlab™. Ran-
domly, a large number of independent samples from the differ-
ent stochastic distributions were taken and a PDF of the product 
water was composed.
 The source water quality was well monitored and hence, 
available as datasets. These datasets were directly translated 
into a PDF. The gamma distribution was chosen in this study 
since it had been applied earlier by Haas et al. (1999). One of 
the characteristics of a gamma distribution is that it is not neces-
sarily symmetric like a normal distribution. This characteristic 
enables a more accurate description of extremes in a dataset. 























with the gamma function:
 
where:
  a and b are calibration parameters. 
 the mean of the gamma distribution is a*b and the variance 
is a*b2
The parameters a and b were calculated with the function ‘gam-
fit’ of Matlab™.
 The PDFs of the removal efficiency of the different treat-
ment steps were constructed with limited data. This was due to 
limited availability of data and the difficulty of detecting low 
concentrations of Cryptosporidium. For each individual treat-
ment step the removal of Cryptosporidium was determined. The 
average and ‘worst case’ removal were estimated from literature 
and expert judgement. These data were then used to fit a beta 
distribution (Teunis et al., 1999). It was assumed that the ‘worst 
case’ removal had a likelihood of occurrence of 90%. The beta 
distribution needed the parameters a and b to describe the proc-
ess. The beta distribution is represented by the formula:
 
where:
  I(0,1)(x)  is the indicator function to keep the distribution 
within the interval of zero to one. 
The mean of the beta distribution is a/(a+b) and the variance is:
 
The Leiduin surface water treatment plant, Waternet
Waternet draws two thirds of its raw water from the Lekkanaal, 
a canal connected to the river Rhine, near Nieuwegein in the 
central region of The Netherlands. The raw water is pre-treated 
by means of  coagulation, sedimentation and rapid sand filtra-
tion and pumped to the dune area. The dunes are then artificially 
recharged and the water is extracted about 3 months later from 
an open reservoir called ‘Oranjekom’ for post-treatment at Lei-
duin. This comprises aeration, rapid sand filtration, ozonation, 
softening, granular activated carbon filtration and slow sand 
filtration. The product water is distributed in the city of Amster-
dam without the addition of chlorine for disinfection. 
Scheme of possible water treatment plant for 
producing drinking water from treated wastewater 
effluent at Amsterdam-West
In this study it was proposed to use treated effluent from the 
Amsterdam-West wastewater treatment plant for drinking 
water production. The proposed treatment scheme comprised 
pre-treatment by coagulation and flotation, followed by ultra-
filtration, nitrification/denitrification in sand filters, ultraviolet/
hydrogen peroxide oxidation and disinfection, biological acti-
vated carbon filtration and ultrafiltration. A quarter of the flow 
was to be treated by reverse osmosis (RO) to reduce salt con-
centrations, typically found in treated wastewater effluent, and 
this step was placed after the first ultrafiltration step. The partial 
flows were thereafter to be mixed into the clear water tanks. 
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Decimal elimination capacities for the removal of 
Cryptosporidium by different treatment steps
Decimal elimination capacities (DEC) for the removal of Crypto­
sporidium by different treatment steps are given in Table 1. 
Scenarios for the comparison of the 2 alternative raw 
water sources
In addition to the analysis for normal operating conditions, 2 
sets of scenarios were modelled in order to assess the robustness 
of the drinking water treatment processes to extreme conditions. 
These were:
• Scenario 1a: An increase in Cryptosporidium in the raw sur-
face water of ‘Oranjekom’ to 11 oocysts/ℓ
• Scenario 1b: An increase in Cryptosporidium in the raw 
wastewater effluent to 100.000 oocysts/ℓ
• Scenario 2a: Failure of the most effective treatment step in 
the drinking water plant produced from surface water, i.e. 
the slow sand filtration step
• Scenario 2b: Failure of the most effective treatment step in 
the drinking water plant produced from treated wastewater 
effluent, i.e. the reverse osmosis step.
Results and discussion
Probability density functions for raw water sources
In the Lekkanaal the concentration of Cryptosporidium varied 
between 2 and 35 oocysts/ℓ. The dataset for Cryptosporidium 
in the source water of the post-treatment Leiduin consisted of 
12 data points collected over 12 months. In 2 samples no Crypt­
osporidium was detected and these samples were given a value 
equal to the minimum detection limit of 2 oocysts/ℓ. The con-
centration of Cryptosporidium in the source water of the post-
treatment was on average 0.3 oocysts/ℓ and the highest measured 
value of 1 oocyst/ℓ was set as the 90th percentile (Dullemont 
and Scholte, 2004). The dataset of the wastewater treatment 
plant effluent consisted of 29 data points and the concentra-
tion of Cryptosporidium varied between 2 and 1 350 oocysts/ℓ 
(Medema, 2001). Normally not all Cryptosporidium oocysts can 
be detected. Therefore a recovery percentage had to be adopted 
and the measured concentrations had to be compensated for the 
limitations of the detection method. Medema (2001) determined 
a recovery percentage of 27%. This percentage was also used in 
this study. Figure 1 displays the distribution of the collected data 
and the calibrated gamma distribution. 
TABLE 1
Decimal Elimination Capacities for Cryptosporidium of different treatment processes







Floc formation/ floc removal 1.0 0.4 (Hijnen, 2004)
Rapid sand filtration 1.5 1.0 (Dullemont and Scholte, 2004)
Slow sand filtration 2.0 1.8 (Dullemont and Scholte, 2004)
Ozonation 1.0 0.5 (Dullemont and Scholte, 2004)
UV/Peroxide 3.5 3.0 (Kruithof, 2005)
Ultrafiltratie 3.0 2.5 (USEPA, 2003)
Reverse osmosis 3.5 3 (Haas and Trussel, 1998)
Figure 1
Gamma distribution for the occurrence of Cryptosporidium in the source water of post-
treatment Leiduin (left, based on 12 measurements, a=0.2 and b=1.43) and the waste-
water treatment effluent (right, based on 29 measurements, a=0.2 and b=2234).
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Treatment plants functioning under normal conditions
Figure 2 shows the results of the Monte-Carlo analysis for the 
Cryptosporidium concentrations at the post-treatment Lei-
duin. After treatment, the median concentration was 9.5 x 10-6 
oocysts/ℓ. In 1% of the total number of random, independent 
samples from the dataset the concentration of Cryptosporid­
ium after treatment exceeded the legal guideline of 3.08 x 10-4 
oocysts/ℓ. 
 When treated wastewater effluent was used as the raw water 
source for drinking water production, the median concentration 
of Cryptosporidium in drinking water was 3.3 x 10-5 oocysts/ℓ 
(Fig. 3). In this alternative, no additional removal credits were 
given to the nitrification/denitrification step and in 1.7% of the 
total number of random, independent samples from the dataset 
the concentration of Cryptosporidium after treatment exceeded 
the legal guideline limit of 3.08 x 10-4 oocysts/ℓ. This could be 
explained by the variation of the influent concentration.
 Both alternatives therefore gave an acceptable drinking 
water quality without excessive risks.
Treatment plants functioning under extreme 
operating conditions
In Fig. 4 the effects of the extreme operating conditions are 
represented. 
 In extreme circumstances both the typical potable water 
treatment situation and the wastewater effluent reuse alterna-
tive were shown to be vulnerable. When the artificial aquifer 
recharge was by-passed or the concentration in ‘Oranjekom’ was 
comparable to the concentration in the Lekkanaal, on average, 
the legal maximum concentration was not reached. It became 
worse when the slow-sand filtration was not performing well 
under existing conditions. However, because of its robustness 
and years of operation, this is not likely to occur. For the waste-
water reuse alternative for drinking water production the situa-
tion was also calculated to be unsatisfactory. On the one hand, 
extreme events in wastewater reuse were more pronounced 
when, e.g., an outbreak of Cryptosporidiosis would occur in the 
city under consideration and wastewater treatment would be 
hampered. On the other hand, the probability of failure of mem-
brane filtration is relatively high. In order to avoid risks it was 
therefore found to be necessary to include extra redundancy in 
the system. This could be reached by avoiding open abstraction 
in the dune area for the existing situation and by including extra 
treatment steps in the scheme for the wastewater effluent reuse 
alternative, i.e. extra disinfection, membrane filtration or artifi-
cial aquifer recharge. 
Conclusions
In this research Monte Carlo analysis was done for the assess-
ment of Cryptosporidium occurrence and removal in the exist-
ing drinking water treatment plant of Leiduin and in a proposed 
scheme for the reuse of wastewater effluent for drinking water 
purposes. It was concluded that in the normal situation both alter-
natives complied with Dutch water quality legislation. However, 
under extreme circumstances, i.e. increased Cryptosporidium 
concentrations and failure of treatment steps, the schemes did 
not comply. The situation was determined to be more critical 
in the case of wastewater reuse than for the existing scheme for 
drinking water production. It is proposed that treatment plants 
be equipped with additional redundancy to avoid health risks in 
extreme situations. 
Figure 2
Results of Monte-Carlo analysis of Leiduin post-treatment 
(the box indicates the 25-75% interval, the whisker gives 
the extremes and the bold line the median value)
Figure 3
Results of Monte-Carlo analysis on wastewater reuse 
alternative (the box indicates the 25-75% interval, the whisker 
gives the extremes and the bold line the median value)
Figure 4
Results of Monte-Carlo analysis on several scenarios; scenario 
1a and 2a apply to the existing treatment plant Leiduin, while 
scenario 1b and 2b apply to the wastewater reuse alternative 
(the box indicates the 25-75% interval, the whisker gives the 
extremes and the bold line the median value)
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